A hallmark of rabies virus (RABV) infection that makes postexposure prophylaxis (PEP) feasible is the relatively long period of time between exposure at peripheral sites to infection of the central nervous system (CNS). The rapid induction of vaccineinduced VNAs directed against the single transmembrane viral glycoprotein (G) is essential for successful RABV PEP. Historically, RABV-specific VNAs were thought to be produced solely by T cell-dependent B cell responses (1) (2) (3) (4) (5) . However, using two mouse models of CD4 ϩ T cell deficiency, including mice genetically devoid of T cells (i.e., B6.129P2-Tcr␤ tm1Mom Tcr␦ tm1Mom/ J), we recently showed that protection can be afforded via T cellindependent antibody responses in mice immunized with a replication-deficient RABV-based vaccine vector in which the RABV matrix (M) gene is deleted (rRABV-⌬M) (6) . In addition, a kinetic analysis of antibody subtype and subclass revealed the potential for early protective IgM antibodies in rRABV-⌬M-immunized mice, although the role for IgM in protection was not directly studied (6) . Nonetheless, the role for neutralizing IgM in the protection against RABV infection is thought to be limited in part by previous findings that natural IgM or IgM induced in response to inactivated RABV-based vaccination is not able to protect mice against pathogenic RABV challenge (7). In addition, pathogenic RABV strains are highly neurotropic, and there is no evidence to suggest pathogenic RABV strains are viremic (8) . Due to its large pentameric configuration, IgM does not easily traverse vascular endothelial layers into interstitial tissues; therefore, the role for IgM in the clearance of a highly neurotropic virus generally is believed to be limited (9) . Finally, the rapid transition in B cells secreting IgM to B cells secreting IgG suggests IgM does not play a significant role in vaccine-induced immunity to RABV in preexposure settings when long-term B cell responses are required for protection. However, in cases of PEP in which rapid short-term B cell responses are required for protection, IgM antibodies might become important.
Natural IgM is present in the blood at high concentrations, while immune IgM is the first antibody isotype induced upon infection or immunization (reviewed in reference 10), suggesting that vaccine-induced IgM may help to improve the efficacy of RABV vaccination in the context of PEP. IgM plays critical roles in limiting virus dissemination for some neurotropic and nonneurotropic viruses, including West Nile virus (WNV) (11), influenza virus (12, 13) , and vesicular stomatitis virus (14; reviewed in reference 15). Due to our previous data that show rRABV-⌬M induces early and potent T cell-independent antibody responses in mice (6), we reinvestigated the role of neutralizing IgM in the context of immunization with rRABV-⌬M. In this report, we show that vaccine-induced IgM is able to contribute to the early controlling of pathogenic RABV strains from disseminating to the CNS and causing disease. Understanding these early events in RABV-specific B cell immunity and antibody attributes may help to develop a single-dose vaccine where the rapid induction of VNA is critical (16) .
MATERIALS AND METHODS
Viral vaccines. rRABV-⌬M is a replication-deficient RABV-based vaccine vector in which the RABV M gene is deleted, and it was constructed as described previously (17) . rRABV-⌬M was derived from a molecular clone of the SAD-B19 vaccine strain of RABV (18, 19) . rRABV-⌬M was propagated on baby hamster kidney cells stably expressing RABV M (BSR-RVM) (17, 20) and purified over a 20% sucrose cushion. The challenge virus used was the pathogenic Challenge Virus Strain-N2c (CVSN2c), which is a mouse-adapted subclone of CVS-21 RABV (21). CVSN2c was initially propagated in neonatal mouse brains and then passaged once in vitro on a neuroblastoma cell line (NA cells). The titer of CVS-N2c required to kill unvaccinated mice within 8 days postinfection, which is typical for CVS-N2c (17, 22, 23) FFU/mouse of CVS-N2c at 3 days postimmunization (the time period during which we previously showed RABV-specific antibody responses are first detected [6] ) to evaluate the influence of early vaccine-induced antibody responses (6) . Mice were observed daily for approximately 2 weeks, and then weekly for the duration of the study (i.e., day 27 postchallenge), for clinical signs of rabies and were euthanized at the onset of neurological symptoms. Weights were recorded as a measure of overall health. Two independent experiments were completed (total n ϭ 10 mice/ group). Kaplan-Meier survival curves were analyzed by the log-rank test. Three (P Ͻ 0.001), two (P ϭ 0.001 to 0.01), and one (P ϭ 0.01 to 0.05) asterisk indicates a significant difference between two data points (6, 17, 22, 23) . Symbols for control (PBS-immunized) sIgM Ϫ/Ϫ mice were shifted slightly so they could be visualized. All animal experiments were approved by the Institutional Animal Care and Use Committee of Thomas Jefferson University.
Quantitative reverse transcription-PCR to measure challenge virus spread to the CNS. Groups of sIgM Ϫ/Ϫ or wild-type control mice were immunized with rRABV-⌬M and then challenged 3 days later with CVSN2c as described above. Five days postchallenge, muscle (site of inoculation), spinal cord, and brain were harvested, and tissue samples were immersed into RNAlater RNA stabilization reagent (Qiagen) and stored at 4°C before processing. Total RNA was isolated with the Qiagen RNeasy kit according to the manufacturer's instructions (Qiagen). First-strand cDNA was synthesized by using Omniscript reverse transcriptase according to the manufacturer's protocol (Qiagen). Each 20-l reaction mixture contained up to 2 g of total RNA, 10 U RNaseOut RNase inhibitor (Invitrogen), and 0.5 M random nanomer primer. Quantitative analysis was performed in triplicate on a StepOnePlus real-time PCR system for 45 cycles of two-step PCR amplification (15 s at 95°C and 1 min at 60°C). Each 20-l reaction mixture contained 1ϫ TaqMan Universal PCR master mix (Applied Biosystems), 500 nM forward primer, 500 nM reverse primer, 100 nM TaqMan probe, and 4 l cDNA. The forward primer, reverse primer, and probe sequences for CVS-N2C N protein were 5=-CA CTTCCGTTCACTAGGCTTGA-3=, 5=-GACCCATGTAGCATCCAACA A-3=, and 5=-6-carboxyfluorescein (FAM)-TGAACACATGACCGACAG CATTCGA-6-carboxytetramethylrhodamine (TAMRA)-3=, respectively (26) . A relative standard curve representing eight 10-fold dilutions of a known copy number of DNA was used for analysis of unknown samples as previously described (27) , and the copy units were normalized to 2 g/l total RNA. Two independent experiments were completed (total n ϭ 8 mice/group). One-way analysis of variance (ANOVA) was used to evaluate statistical significance. Where significant differences were observed, Tukey's multiple comparison test was used to identify significant differences between individual groups (*, P Ͻ 0.05).
Evaluation of antibody responses by ELISA and RFFIT. Groups of sIgM Ϫ/Ϫ or wild-type mice, aged 6 to 8 weeks, were immunized i.m. with a single dose of 10 6 FFU/mouse of rRABV-⌬M. On days 3, 5, 7, and 10 postimmunization, blood was collected and sera isolated for analysis. RABV glycoprotein (G)-specific IgG and IgM antibodies were determined by enzyme-linked immunosorbent assay (ELISA) as described previously (6, 17, 22, 23) . Data represent two independent experiments (total n ϭ 6 mice/group). For multigroup comparisons, one-way analysis of variance (ANOVA) was used. Where significant differences were observed, Tukey's multiple comparison test was used to identify significant differences between individual groups. VNA titers were determined using the rapid fluorescent focus inhibition test (RFFIT) as described previously (6, 17, 22, 23) . Data for the VNA titers represent two independent experiments using the sera also used for RABV G-specific IgG and IgM antibody titers from 3 mice/experiment pooled, and then they were analyzed in duplicate. To compare two groups of data for VNA titers, we used an unpaired, two-tailed t test. Three (P Ͻ 0.001), two (P ϭ 0.001 to 0.01), and one (P ϭ 0.01 to 0.05) asterisk indicates a significant difference between two data points (6, 17, 22, 23) .
RESULTS

sIgM
؊/؊ mice immunized with rRABV-⌬M are not protected against pathogenic RABV challenge. The effectiveness of RABV PEP relies in part on the speed by which VNAs are induced. We previously showed that rRABV-⌬M induces the production of T cell-independent VNAs within 3 days of vaccination, and that these VNAs could be either IgM or IgG (6) . To definitively test for vaccine-induced IgM to aid in protection against pathogenic RABV challenge, we used our previously described mouse model of rabies protection, in which mice are challenged with pathogenic RABV within the first few days postimmunization (the time period during which we previously showed RABV-specific vaccineinduced antibody responses are first detected [6] ) as a means to evaluate the potency of early vaccine-induced antibody responses (6) . sIgM Ϫ/Ϫ mice, which are unable to produce secreted IgM but are able to express membrane IgM and all IgG subclasses (24, 25) , or wild-type mice, were immunized with 10 6 FFU/mouse of rRABV-⌬M or an equivalent volume of PBS. Three days later, when initial RABV-specific T cell-independent and early T celldependent extrafollicular B cells form (6) , mice were challenged with 10 5 FFU/mouse CVS-N2c, which is a mouse-adapted pathogenic RABV strains that kills nonvaccinated mice by 8 days postinfection. As expected and shown in Fig. 1A (survivorship) and B (weights), all sIgM Ϫ/Ϫ and wild-type mice mock vaccinated with PBS alone were not protected against challenge with CVS-N2c and succumbed to infection 7 days postchallenge. All wild-type mice immunized with rRABV-⌬M were protected against RABV challenge; however, a significantly reduced level of protection (20% survival) was observed in sIgM Ϫ/Ϫ mice immunized with rRABV-⌬M compared to protection in similarly immunized and challenged wild-type mice. The reduced protection observed in sIgM Ϫ/Ϫ mice compared to wild-type mice indicates an important role for IgM in the protection against RABV infection early postvaccination as B cell responses are forming. Furthermore, the finding that nonimmunized control mice succumbed to challenge infection indicates that natural IgM is not sufficient to protect against the dose of pathogenic RABV challenge used in these experiments.
Vaccine-induced IgM prevents dissemination of CVS-N2c into the CNS. The reduced survival afforded vaccinated sIgM Ϫ/Ϫ mice compared to wild-type mice described in Fig. 1 suggests that vaccine-induced IgM aids in preventing the spread of CVS-N2c into the CNS and causing disease. To investigate the ability of vaccine-induced IgM to limit pathogenic spread into the CNS, sIgM Ϫ/Ϫ and wild-type mice were immunized i.m. with 10 6 FFU/ mouse of rRABV-⌬M and then challenged 3 days later with 10 5 FFU/mouse of CVS-N2c, as described above (6) . CVS-N2c-specific mRNA (nucleoprotein [N]) was measured from total RNA isolated from the muscle, spinal cord, and brain 5 days postchallenge, which is approximately 2 to 3 days before mice would be expected to show symptoms due to CVS-N2c infection (6, 17, 22, 23) . While not significantly different, an approximately 100-fold increase in CVS-N2c-specific mRNA was detected in the muscle ( Fig. 2A ) of immunized and challenged sIgM Ϫ/Ϫ mice compared to similarly treated wild-type mice. However, an approximately 50-to 100-fold increase in CVS-N2c-specific mRNA was detected in the spinal cord (Fig. 2B) and brain (Fig. 2C ) of immunized and challenged sIgM Ϫ/Ϫ mice compared to similarly treated wild-type mice, which was significant (P Ͻ 0.05). Of note, no CVS-N2c mRNA was detected in the blood or spleen of challenged mice (data not shown), confirming previous suggestions that pathogenic RABV strains are not viremic (8) . Together, these data indicate that vaccine-induced IgM is able to prevent dissemination of CVS-N2c from the periphery to the CNS in mice immunized with rRABV-⌬M.
VNA responses in sIgM ؊/؊ mice. Protection against RABV infection relies on VNAs directed against the single transmembrane glycoprotein (G) (7, 16, 28) . While IgM has been described to be effective against other infectious diseases, such as influenza virus or West Nile virus (reviewed in reference 15), IgM has not been described to play a role in protection against pathogenic RABV infections. To confirm that vaccine-induced IgM has the potential to directly neutralize pathogenic RABV in vitro, sera from sIgM Ϫ/Ϫ or control mice were collected at various times postimmunization with rRABV-⌬M. As shown in Fig. 3 , VNA titers indicative of a satisfactory immunization (0.5 IU/ml) (16, (28) (29) (30) were detected in wild-type mice as early as 3 days postimmunization and were significantly higher than titers in similarly immunized sIgM Ϫ/Ϫ mice. This is consistent with our previous finding that rRABV-⌬M induces early and rapid VNA responses in T cell-dependent and T cell-independent mechanisms (6). VNA titers continued to rise in wild-type mice immunized with rRABV-⌬M through day 10 postimmunization, which was the last time point tested. Conversely, almost 20-fold reduced VNA titers were detected in sIgM Ϫ/Ϫ mice 5 days postimmunization with rRABV-⌬M compared to wild-type mice, which remained significantly lower during the early phases of B cell development in sIgM Ϫ/Ϫ mice than titers of wild-type controls. This analysis of serum from immunized sIgM Ϫ/Ϫ mice, along with our previous finding that nonimmunized sIgM Ϫ/Ϫ mice are not protected against CVS-N2c challenge (Fig. 1) , suggests that induced, and not natural, IgM plays an important role in rRABV-⌬M vaccine-induced protection against pathogenic RABV challenge.
Kinetic analyses of vaccine-induced antibody responses in sIgM
؊/؊ mice. IgM has the ability to influence the development of virus-specific IgG titers (12) . Therefore, the potential exists that the lack of protection against pathogenic challenge in sIgM Ϫ/Ϫ was due to aberrant IgG antibody titers in the sIgM-deficient mice. Ϫ/Ϫ or wild-type mice were immunized with rRABV-⌬M and then challenged with CVS-N2c as described in the legend to Fig. 1 . Five days postchallenge, total RNA was isolated from the muscle (A), the spinal cord (B), and the brain (C) and analyzed by qRT-PCR for the presence of CVS-N2c-specific viral mRNA. Data represent a combination of two independent experiments (total n ϭ 8 mice/group). One-way analysis of variance (ANOVA) was used to evaluate statistical significance. Where significant differences were observed, Tukey's multiple comparison test was used to identify significant differences between individual groups (*, P Ͻ 0.05).
To investigate whether RABV-specific IgM has the ability to influence the development of RABV-specific IgG responses, sIgM Ϫ/Ϫ or control mice were immunized with 10 6 FFU/mouse of rRABV-⌬M, and a kinetic analysis was completed to evaluate RABV Gspecific IgM and IgG responses. As expected, only background levels of RABV G-specific IgM antibodies were detected in sIgM Ϫ/Ϫ mice at all time points tested (Fig. 4A ). Significant levels of anti-RABV G IgM antibodies were detected 3 days postimmunization in wild-type mice compared to those in preimmune sera, which peaked around day 7 postimmunization (Fig. 4A) . Importantly, significant levels of anti-RABV G IgG were not detected above preimmune levels until day 5 postimmunization in either mouse strain, and equivalent titers of IgG were detected in sIgM Ϫ/Ϫ and wild-type mice at all time points tested postimmunization (Fig. 4B) . Together, the statistically similar anti-RABV G IgG antibody responses detected in immunized sIgM Ϫ/Ϫ mice and wild-type controls indicate that the lack of protection observed in sIgM Ϫ/Ϫ mice was not due to the influence of IgM deficiency on the development of anti-RABV IgG antibody responses but due to the direct effects of IgM. This is also supported by the ability of wildtype but not sIgM Ϫ/Ϫ mice to mount VNA responses within 3 days postimmunization (Fig. 3) .
Together, the data presented in this paper suggest that vaccines that can exploit the induction of early IgM antibodies against RABV infection help in the pursuit of more efficacious single-dose RABV-based postexposure vaccines in which the rapid induction of VNAs is critical for protection.
DISCUSSION
We previously showed that replication-deficient RABV-based vaccines exploit early pathways of B cell activation and development and may hold the key to the development of a single-dose postexposure RABV vaccine wherein the rapid induction of VNA is critical (6, 17, 22, 23) . Specifically, a replication-deficient RABV-based vaccine in which the matrix gene is deleted (rRABV-⌬⌴) induced protective antibody responses by T cell-dependent and T cell-independent mechanisms (6). Mice genetically devoid of all T cells were protected against pathogenic RABV challenge, indicating a role for vaccine-induced T cell-independent antibody responses to stunt the virus while high-affinity antibodies are forming in germinal centers (GCs) (6) . An evaluation of the antibody isotypes indicated that IgG or IgM antibodies could be responsible for the protection observed in the vaccinated T cell-deficient mice. In this report, we extended these findings by investigating the role for vaccine-induced IgM in the protection against pathogenic RABV infection. We utilized a mutant mouse strain developed by Boes et al. (24) , whereby a targeted mutation eliminates IgM secretion but does not affect the overall serum IgG levels. Serum IgG1, IgG2a, IgG2b, and IgG3 levels in adult sIgM Ϫ/Ϫ mice are similar to those observed in wild-type controls (24, 25) , making this mutant mouse strain a valuable model to evaluate induced IgM in the context of RABV vaccination. We show that rRABV-⌬M induces RABV G-specific IgM, which protects mice against pathogenic challenge and reduces the dissemination of pathogenic RABV to the CNS. To the best of our knowledge, this is the first report of vaccine-induced IgM being protective against pathogenic RABV challenge.
The ability of vaccine-induced IgM to enhance survivability upon pathogenic challenge was demonstrated by our finding that only 20% of the sIgM Ϫ/Ϫ mice immunized with rRABV-⌬M survived challenge with a highly pathogenic RABV strain, while all similarly immunized and challenged wild-type mice survived. Furthermore, our challenge model indicates that induced and not natural IgM is responsible for the protection against pathogenic challenge we observed, since wild-type mice inoculated with PBS alone, which would rely on natural and not induced IgM for protection, succumbed to pathogenic RABV challenge. This is in contrast to the ability of natural IgM to protect against some infectious diseases, such as influenza virus (12) , vesicular stomatitis virus (14, 31) , lymphocytic choriomeningitis virus, or vaccinia virus (14) . One notable difference between pathogenic RABV and these viruses is that there is no evidence that highly neurotropic RABV strains, such as CVS-N2c, enter the circulation (8) , where natural IgM most likely serves to prevent hematogenical spread to other organs in the body (32) . Nonetheless, our data indicating that vaccine-induced IgM protects mice against pathogenic RABV challenge is in agreement with the ability of induced but not nat- 6 FFU of rRABV-⌬M. Blood was collected on the indicated days postimmunization, and VNA titers from pooled sera were determined using the RFFIT. Neutralization titers, defined as the inverse of the highest serum dilution that neutralizes 50% of the challenge virus (challenge virus strain 11), were normalized to international units/ml (IU/ml) using the WHO anti-RABV antibody reference standard. Data represent 2 independent experiments consisting of sera from 3 mice/ experiment pooled and then analyzed in duplicate (total n ϭ 6 mice/group). To compare two groups of data for antibody responses, we used an unpaired, two-tailed t test.
FIG 4 Kinetic analyses of rRABV-⌬M-induced IgM and IgG antibody titers in sIgM
Ϫ/Ϫ mice. Sera collected from individual mice described in the legend to Fig. 3 were analyzed by ELISA to determine anti-RABV G IgM (A) or IgG (B) antibody titers on the indicated days postimmunization. Data represent two independent experiments (total n ϭ 6 mice/group). For multigroup comparisons, ANOVA was used. Where significant differences were observed, Tukey's multiple comparison test was used to identify significant differences between individual groups. Three (P Ͻ 0.001), two (P ϭ 0.001 to 0.01), and one (P ϭ 0.01 to 0.05) asterisk indicates a significant difference between two data points (ns, not significant). OD490, optical density at 490 nm.
ural IgM to protect against other viruses, such as West Nile virus (WNV) (11) . Consistent with the ability of induced IgM to protect against pathogenic WNV infection by limiting viral spread, we showed here that immune IgM is important for vaccine-induced protection against viral spread to the CNS of mice challenged with a highly neurotrophic and pathogenic RABV. Indeed, we detected an approximately 50-to 100-fold increase in challenge virus mRNA in the muscle, spinal cord, and brain of rRABV-⌬M-immunized sIgM Ϫ/Ϫ mice compared to mice with intact IgM secretory functions.
IgM possesses multiple functions that promote effective antimicrobial properties, including particle agglutination (direct neutralization), complement activation, and enhanced phagocytosis. In addition, IgM has the ability to influence the generation of adaptive immunity (24) and to influence the magnitude of virus-specific IgG antibody responses (12) . In the case of West Nile virus infection (11), the lack of IgM resulted in subsequent reduced IgG responses, which may have contributed to the spread of WNV to the CNS in sIgM Ϫ/Ϫ mice. However, anti-RABV IgG titers of sIgM Ϫ/Ϫ and wild-type mice were not significantly different at any time points postimmunization (Fig. 4) , suggesting the effects of IgM in the context of RABV vaccination are direct and not due to the influence of IgM to prime adaptive IgG antibody titers.
Vaccine strategies that target the induction of immune IgM might have several advantages in the context of RABV PEP treatment. The speed by which immune IgM is induced makes this antibody isotype an attractive target for the development of effective PEP treatment. Since IgM antibodies are the first antibodies produced in response to infection or after immunization, vaccine-induced IgM may help to prevent the spread of pathogenic RABV from peripheral sites to the CNS while higheraffinity IgG antibodies are being formed in GCs. The pentameric structure of IgM results in high valency (i.e., 10 linked antigenbinding sites) (reviewed in references 10 and 33). One IgM antibody is needed to cover 9 or 10 glycoprotein spikes on the surface of RABV particles for neutralization, compared to one or two IgG antibodies to cover only 3 glycoprotein spikes (34) . The high valency of IgM is also thought to bind repeating epitopes very efficiently (10), such as the glycoprotein displayed on the surface of RABV particles. Together, the speed by which immune IgM is induced in response to vaccination, the high valency, and lower number of IgM than IgG needed to cover the RABV spike glycoproteins make induced IgM attractive from a PEP vaccination standpoint.
